A hierarchical model of softwood was developed to effectively analyze stress concentration and predict initial fracture of the wood cell wall under different loading scenarios. The results indicated that the simulated stress concentration regions of the tracheid wall approximately matched the experimental initial fracture locations. The stress concentration and initial fracture of the tracheid wall under longitudinal tensile stress occurred in the S 2 layer. In the cases of pure longitudinal-radial (LR) or longitudinal-tangential (LT) in-plane shear loading, the highest stresses are observed in the S 1 /S 2 interface and the S 3 layer, but the initial fractures of the tracheids of the neutral layer under the LR or LT shear stress only occurred in the S 1 /S 2 interface. Furthermore, the tracheids of the tensile parts outermost of bending specimen were subjected to the longitudinal tension and shear coupling stresses that led to the two kinds of cracks occurring, including trumpet-shaped cracks in the S 2 layer, and S 1 /S 2 interface debonding. which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
Introduction
Wood is an extremely stiff and tough natural composites material in relation to its density. It has long been used as building materials. The excellent material properties of wood are closely related to its hierarchical structure ( Fig. 1) , i.e., from the honeycomb structure to the chemical polymeric structure [1] . At the molecular level, the cell wall mainly consists of cellulose, lignin, and other organic molecules, such as hemicelluloses. The cell wall, as a mesoscale structure, is a concentric laminated structure that is comprised of four discrete layers in which the orientation of cellulose microfibrils varies, as does the chemical compositions [2] . Moving toward the macroscopic scale, solid wood can be viewed as a honeycomb network of cells cemented together by the middle lamella (ML). Further, the prediction of fractures in wood or wooden components has become increasingly more important for practical application. Many researchers have invested a significant amount of effort in the analysis of the structure and fracture relationships of wood [3] [4] [5] and have sought the recipes for the optimal design of composite materials and construction in the framework of biomimicking concepts.
Fracture mechanics provides a rational method to quantificationally predict the failure of wood macrostructures when propagating crack is a major contributor to the failure [6] . For wood, the critical stress-intensity factors (K IC and K IIC ) are a function of the wood species and are affected by many of the same factors that affect other wood material properties, e.g., grain, specific gravity, and moisture content [5, 7, 8] . However, this method does not take into account the influence of the initial crack on the wood fracture. Furthermore, as has been determined by the in situ scanning electron microscope or light microscope, the initial fracture in wood rays occurred under longitudinal tensile and bending loads [3, 9, 10] . The stick-slip type of crack growth has also been observed, and new crack planes are often formed at the growth ring border [9, 10] . Although the initial crack and crack propagation in the wood macrostructure have been well understood [3, 9, 10] , very few attempts have been made to investigate the crack initiation and growth modes along with fracture mechanisms at cellular level.
Fractures must proceed through the wood cells, and, therefore, the degree of stress and location of the cell wall play an important role in characterizing the fracturing of wood. Four types of cell fracture are recognized according to the rupture position: intercell, intrawall, transverse, and longitudinal transwall [11] [12] [13] . The cell wall fracture, as well as propagation under longitudinal tensile load, was reviewed by Mark [14] , and the results indicated that the initiation fracture occurred in the secondary wall S 1 layer or the S 1 / S 2 interface, rather than in the ML layer. However, the previous research results also showed that, when wood bore longitudinal tensile stress or bend, the initiation cracks of cell walls occurred in the S 2 layer [15] . Therefore, it is evident that the initial crack and crack propagation in the cell wall is not fully understood.
The finite element analysis (FEA) of the hierarchical model of softwood was developed as an effective model to predict deformation and stress concentration in the cell wall that might become the sites of later damage initiation [16] [17] [18] . Qing and Mishnaevsky found that the hierarchical model could predict the distribution of regions of maximum principal stress in the cell wall that corresponds to different loading cases [17] . However, it is still unclear how to correlate the modelled stress concentration regions in the cell wall with the actual initial crack location, which is important for the practical application of the model. The presented work is to develop a softwood hierarchical model to simulate the stress concentration regions of the cell wall, and the predicted results are verified through experimental results of initial fracture and its propagation. Finally, the influences of the microstructures, including the chemical contents and the microfibril angles (MFAs), on the fractures of the cell walls of softwood were also analyzed.
Materials and methods

Materials
The verification of modelling work was carried out by using softwood materials, which were sampled from the tree trunk of a mature Masson pine (Pinus massoniana Lamb., with annual rings 75 ± 5) at a height of 1.5 m. Its basic density was 0.51 g/cm 3 . A radial-longitudinal (RL) section of eight growth rings from approximately the 30th to the 38th ring was selected as the experimental material, the average width of growth ring was 2.68 mm and the earlywood (EW) width was 1.59 mm. Specimens of clear small sample for longitudinal tensile testing were designed to be of radial-longitudinal orientation with a dumbbell-type shape, as shown in Fig. 1a , to analyze the initial crack and crack propagation at the scale of the cell wall under longitudinal tensile stress. The object of this design was to create a larger gripping area to avoid the possibility of slippage in the tensile testing grip, to prevent stress concentration at the grips, and to force the fracture to occur in the constricted neck area. Furthermore, the straight-line segment of the neck area ensured that the wood grain was parallel to the longitudinal tensile load. As illustrated in Fig. 1a , the thickness of the radial-longitudinal orientation specimen was 1 mm, and the neck of the tension specimens was designed for the EW. Specimens used for an in situ three-point bending test were designed to be of a standard trisection (4 × 4 × 30 mm (radial × tangential × longitudinal), Fig. 1b ). All the specimens were conditioned in a vacuum desiccator of NaCl saturated solution until equilibrium moisture content, which was around 13.4%.
Methods
Geometric parameters measurement of Masson pine wood cells
The growth ring boundary of the Masson pine is distinct; the transition from the EW to the latewood (LW) is abrupt ( Fig. 1c ) [19] , and the cell shape is nearly rectangular (Fig. 1d ). The tangential sizes of the EW and LW cells are similar, and are therefore equal to the average of their tangential sizes. The geometric parameters of the EW and LW cells (the cell radial and tangential dimensions, and the thickness of each layer of cells) were measured with an atomic force microscope (AFM, in Fig. 2 ) [20] . Furthermore, according to a previous report [17] , the thicknesses of the ML and P layers were 75% and 25% that of the compound middle lamella (CML), respectively. All parameters of the cell sizes are listed in Table 1 . The filleting treatment in the cell corner was used to smoothly connect the radial and tangential walls. The filleting arc radius of the LW was 4 μm, and the EW was 8 μm.
Softwood structure modelling
To generate a quantitative hierarchical model for the structures represented in Fig. 1d (honeycomb structure) and Fig. 1e (cell wall concentric laminated structure), some simplified assumptions are made for different length scales: (1) At the macroscale, softwood is considered a bundle of rectangular cells of prescribed 
Table 1 Cell sizes and thickness of wall layers (μm)
R T is the thickness of the cell radial wall, T T is the thickness of the cell tangential wall, S 2R is the radial thickness of the secondary cell wall S 2 layer, and S 2T is the tangential thickness of the secondary cell wall S 2 layer cross-sectional tracheids with walls of uniform thickness, (2): at the mesoscale, the cell wall of the tracheid is represented as an elastic laminate with four layers: the primary wall (P), and the secondary walls S 1 , S 2 , and S 3 , (3): the ML layer is designated as the bonding layer of two adjacent cell walls, and the interlamination of adjacent two layers was very bonded. The tangential dimension of a cell is the sum of the thickness of two cell radial walls, the lumen tangential size, and half of the ML thickness.
The radial dimension of cell is the sum of the thickness of two cell tangential walls, the lumen radial size, and half of the ML thickness. The LW and EW longitudinal sizes are set as 40 μm. Therefore, three-dimensional hierarchical physical models of the LW (Fig. 3a) , EW (Fig. 3b ), or the combination of the EW and LW (Fig. 3c ) could be established by computer-aided design (CAD).
Finite element analysis (FEA)
The finite element software ABAQUS 6-14 was used to simulate the stress concentration regions under different loading cases for the above-mentioned softwood hierarchical models. The main processes include mesh, section property, and loading: Mesh The mesh generation of the softwood hierarchical model was carried out by Hypermesh 2017. The LW model mesh as an example illustrated the mesh generation process, as shown in Fig. 4 . The different color regions represented different LW cell wall layers, and the radial-tangential (RT) plane of the LW model was a symmetric structure (Fig. 4a ). The meshes of the LW models were produced by the 1/4 RT two-dimensional plane The element size was 1.000 μm, and the element shapes were quadrilateral and triangle grids ( Fig. 4b) . Secondly, the 1/4 RT two-dimensional plane mesh was pulled to 40 μm along longitudinal direction, and generated the 1/4 three-dimensional solid mesh (Fig. 4c ). Finally, the LW model mesh was produced by the 1/4 three-dimensional solid mesh symmetrical treatment ( Fig. 4d) .
Section properties At the microscale, the cell wall of each layer represents fibril-reinforced composites that have their own volume fractions and characteristic MFAs. According to previous research [17] , the P and ML layers are isotropic materials, and their elastic constants are listed in Table 2 . However, the three secondary layers are anisotropic due to the differences in both their contents of chemical components and their MFAs. Their moduli and Poisson's ratios are listed in Table 3 [21] .
Boundary conditions setting and loading For the longitudinal tensile loading, the boundary conditions setting mainly are shown in Additional file 1: Fig. S1. (1) Firstly, the three degree of freedoms in radial (R), tangential (T) and longitudinal (L) directions of the TR plane were restricted (Additional file 1: Fig. S1A) ; Secondary, the two degree of freedoms in T and R directions in the ordinate origin were restricted in order to prevent the model to move along the L direction (Additional file 1: Fig. S1B) ; thirdly, the degree of freedom in the R directions of one point of the T axis was restricted in order to limitation the model rotation around the L-axis (Additional file 1: Fig. S1C ). However, the boundary condition of the LR or LT in-plane pure shear loadings was only that the three degree of freedoms in R, T, and L directions of the TR plane were restricted, as shown in Additional file 1: Fig.  S2 . To study the stress concentration in the elastic range of the model, the unit cells were subjected to three different strain loadings: uniaxial tensile loading (Additional file 1: Fig. S1D) , and LR and LT in-plane pure shear loadings (Additional file 1: Fig. S2 ). The stress concentration region in cell wall under uniaxial tensile strain loading could prove cell wall fracture under longitudinal tension load, and the uniaxial tension and in-plane shear analyses were conducted to examine the cell wall fracture in the bending test under the tension and shear complex stress conditions. The following strain values are applied:
Longitudinal tensile and in situ three-point bending tests
Tensile fracture experiments were carried out by using a micro-mechanical testing machine (Instron 5848 Crop, USA). The maximum load was 2 kN, and the loading rate was 0.15 mm/min. The tensile strength was the average of 15 samples. The in situ three-point bending tests were performed in a SEM chamber (SS-550, Shimadu, Japan), and a miniature mechanical testing device with a maximum load capacity of 1 kN was installed inside the chamber. The dynamic fracture processes of the specimens during bending were examined in real time, and SEM images of the crack propagation path were taken at various stages of loading. The load-displacement curves were recorded simultaneously. A three-point bending fixture was used for the bending test. Pressure head loading was exerted on the middle of the specimens, which were fixed by two supporting rods with a span of 20 mm (Fig. 1b) . This span-depth ratio leads to wood shear failure [22] . The loading rate was 0.15 mm/min. Two special cases of the annual growth ring orientations are considered, namely the annual rings parallel to the direction of the load (vertical annual rings, case 1), and the annual rings normal to the direction of the load (horizontal annual rings, case 2, Fig. 1b) . Each kind loading was tested with 15 samples. The tracheids from the tensile part to the neutral layer of bend fracture specimens were under longitudinal tensile and shear coupled loads. The breakage of the outermost area of tensile portion tracheids resulted from longitudinal tensile stresses, and the cell wall breakage of the neutral layer in the bending specimens was equivalent to the cell wall breakage under shear stress. ε L = 0.001; ε LR = 0.001; ε LT = 0.001. 
Fracture morphology tests
The any two samples of each kind load were chose to fracture morphology analysis. The fracture surfaces of the samples were further examined using a field emission scanning electron microscope (SEM, Hitachi S-4800, Japan). The operating accelerating voltage was 10 kV. Samples were mounted on aluminum stubs with doublesided tape, and sputter-coated with gold. The fracture types for both the growth ring and the cell wall were characterized. After the SEM tests, the cross-sectional fractures and cell geometrical parameters of the cell wall were examined with an AFM using Veeco (USA). The fine cracks on the cross section of fractured cells were presented. The fracture initiation and crack growth of individual cells were analyzed with the crack results of the AFM. The standard tapping mode probes (BRUKER Model: RTESP-300) were used. The length of the cantilever was 125 μm, and the resonance frequency was 300 kHz. The breakage parts of the tensile and bending samples were embedded by resin. The cell lumen and the cell wall crack were fully impregnated by the vacuum and pressure processing. This method can distinguish tensile or bending fracture cracks in the cell wall, as well as the cracks caused by subsequent AFM sample preparation.
Results and discussion
Cell wall stress distribution through the FEA of the softwood hierarchical model The longitudinal tensile stress Figure 5 illustrates the maximum principal stress distributions corresponding to the above-proposed loading cases. It can be seen in Fig. 5 that the regions of highest stress (which might become sites of later damage initiation) are different under different loading conditions. The highest stress concentrations of the LW or EW models under longitudinal tensile load are observed in the outside of the cell radial wall S 2 layer (Fig. 5a, d) . The highest stress concentrations of the EW or LW parts of the EW/LW combination model were consistent with those of the EW model or LW model (Fig. 5g ). Furthermore, there is an abrupt stress change on the interface between the S 1 and S 2 layers that indicate that the interface is a mechanical interface ( Fig. 5a, d, g) .
The RL and TL in-plane shear stresses
In the case of LR in-plane pure shear loading, the highest stresses of the LW are observed in the S 3 layer in the radial cell wall, and the S 1 /S 2 layer in the radial cell wall also an interface of stress abrupt change (Fig. 5b) . The highest stresses for the EW are observed in the S 1 /S 2 interface in the radial wall cell corner, and in the S 3 layer (Fig. 5e ). The stress distributions in the EW or LW parts of the EW/LW combination model were similar to those of the EW model or the LW model, respectively. Furthermore, for the case of TL in-plane shear loading, the stress concentrations of the LW model are observed in S 3 layer of the tangential wall and the S 1 /S 2 interface in the cell corner (Fig. 5c) , and the EW model is observed in S 3 layer of the tangential wall. The stress concentrations of the EW/LW combination model are observed in the EW tangential wall of the EW/LW border, and the stress concentrations of the LW part of the combination model are S 3 layer of the tangential wall and the S 1 /S 2 interface in the cell corner (Fig. 5i ).
Verification via experimental testing: the fracture morphology of tracheid cell wall Longitudinal tensile fracture
The load-displacement of the EW under longitudinal tension is shown in Additional file 1: Fig. S3A , and the strength was 77.05 ± 5.29 MPa. The EW tracheid breakage of the Masson pine under longitudinal tensile load is transverse transwall, as shown in Additional file 1: Fig.  S3B . The detailed breakage cracks of the tracheid cross section were illustrated by the AFM tapping amplitude images in Fig. 6 . The experiments show that there are two kinds of cracks in the tracheid cell wall cross section: trumpet-shaped cracks in the S 2 layer (Fig. 6a) , and cracks along the S 1 /S 2 interface (Fig. 6b ). According to the directions of the trumpet-shaped crack tip, it is speculated that the initial fracture of the tracheid wall fracture process occurred in the S 2 layer, and the crack then propagated into the S 1 /S 2 interface. Furthermore, the initial fracture positions were associated with the cell wall corner in the locations with an abrupt change in wall thickness. It is apparent that that the FEA results are fully in line with experimental tested results; the highest stress concentration regions of the wood cell wall under longitudinal tensile stress occurred in the S 2 layer, and also became the sites of later damage initiation for the cell wall. The initial fracture cracks may have primarily developed at the S 2 layer because of the different structures and mechanical properties of the different layers of the cell wall. Firstly, the highest level of matrix (lignin and hemicellulose) concentration occurred in the ML Fig. 6 a Fracture and initial crack location of the cell wall subject to longitudinal tensile stress; b partial enlarged detail of a regions [23] [24] [25] , and the pectin and protein were in the P layer [26] . This indicated that the CML layer could have an exceptional deformation capability compared to the secondary wall [27, 28] . As a stress transmitter and weak interface, the CML layer allowed the adjacent secondary wall to incur greater shear slip when the wood was stretched along the longitudinal direction. Hence, cell wall failure under longitudinal tensile load occurred in the secondary cell wall rather than in the CML, and this conclusion has also been widely confirmed in existing research [14] . Secondly, the main difference in the secondary wall three layers is the MFA [29] . The S 1 and S 3 fibrils are oriented at large angles to the long axis of the cell, whereas the fibrils of the S 2 layer are more longitudinally directed. Figure 7 shows the deformation mechanism of the cell wall with different MFAs. The stress component ratio, which was parallel to cellulose chain length direction stress component (σ F ) and perpendicular to cellulose chain length direction stress component (σ M ), decreased with the MFA (θ) increasing. The ratio actually represented the cotangent value of MFA. Under the larger of parallel to cellulose chain length direction stress component, the longitudinal tensile deformations of the S 2 layer mainly included the deformation of shear slip between the matrix and microfibril [28, 30] and the deformations of cellulose extension [31, 32] . The shear slip deformation led to adaptive orientation of cellulose ( Fig. 7) . However, for the S 1 or S 3 layers of larger MFA, the larger of perpendicular to cellulose chain length direction stress component led to the shear slip deformation between microfibril and matrix increasing compared with the S 2 layer [33] . So the large deformation of S 1 or S 3 layer also led to stress redistribution and concentration occurring in the S 2 layer.
Three-point bending fracture
The load-displacement curves of two kinds bend loading are shown in Additional file 1: Fig. S3A , the bending strengths are 82.23 ± 4.12 MPa and 56.50 ± 3.27 MPa, respectively. For the case in which the loading direction was parallel to the growth rings, the neutral layer was located perpendicular to the growth ring plane (Additional file 1: Fig. S3C ). The LW tracheids of the tensile parts outermost were subjected to longitudinal tension and LR shear coupling stresses, but the LW tracheids of the neutral layer bore only the LR shear stress [22] . The fracture morphologies of the LW tracheids cross section for the outermost tensile parts and the neutral layer are provided in Fig. 8 . There are two kinds of cracks in the cell wall cross section of the outermost tensile parts: trumpet-shaped cracks in the S 2 layer, and S 1 /S 2 interface debonding (Fig. 8a) . The former crack was caused by longitudinal tensile stress, and the latter was due to the LR in-plane shear stress. It is apparent that FEA modelling was able to map the radial cracks in the S 2 layer as approved by above-mentioned longitudinal tensile tests. The LR shear stress in the neutral layer was the greatest and led to cell wall fracturing in the S 1 /S 2 interface (Fig. 8b) . This is consistent with the results of the LW model under pure RL shear stress.
When wood growth rings were perpendicular to the direction of the load and the EW part was approximately located in the neutral layer (Additional file 1: Fig. S3D ), greater shear slip occurred in the neutral layer. This result is also consistent with the hierarchical model result, which found that the stress concentrations of the EW/LW combination model were observed in the EW tangential wall of the growth ring border (Fig. 5i ). The LW tracheid wall breakage of the tensile part outmost of a specimen is shown at the scale of individual cells in Fig. 8c . The greatest tensile stress in the tensile part outmost led to the S 2 layer fracture, and the LT in-plane shear stress caused S 1 / S 2 interface debonding in the cell corner. The modelling results are in line with these experimental outcomes. The EW tracheid wall breakage near the neutral layer under LT in-plane shear stress occurred in the S 1 /S 2 interface, especially in the cell corner. However, this result was not consistent with the EW model results under LT in-plane shear stress.
The tracheid failure mechanism under radial or tangential loading bend is illustrated in Fig. 9 . When the wood was bent, the tracheids of the tensile part underwent a combination of tensile and shear loads. According to the longitudinal tension experiment and FEA results, the initial fracture and stress concentration of the tracheid wall under the longitudinal tension occurred at the S 2 layer. Furthermore, the MFA difference between the S 1 or S 3 and the S 2 layer caused stress concentration at the S 1 /S 2 Fig. 7 Deformation mechanism of the cell wall with different MFAs interface under the shear stress. The shear stress resulted in the debonding of the S 1 /S 2 interface. For the bending specimens, the tensile stress decreased gradually from the outside of the tensile part to the neutral layer, but the shear stress increased. This could explain why the cracks of the intrawall breakage types of tracheids near the neutral layer occurred in the S 1 /S 2 interface.
Conclusions
A 3D hierarchical computational model of the stress on softwood is developed. The theoretical stress concentration results of hierarchical models were verified with the experimentally tested results. The stress concentration and initial fracture of the tracheid under longitudinal tensile stress occurred in the S 2 layer. In the case of pure LR or LT in-plane shear loading, the stress concentration and fracture region of the tracheid of the neutral layer are observed in the S 1 /S 2 interface by the FEA and experiment. Furthermore, the tracheids of the tensile parts outermost were subjected to the longitudinal tension and shear coupling stresses that led to the two kinds of cracks occurring, including trumpet-shaped cracks in the S 2 layer, and S 1/ S 2 interface debonding. 
